In space technology many concepts for magnetic fields are under discussion for the use in advanced propulsion, shielding from radiation or as aid for thermal protection system for the atmospheric entry of spacecraft. Two experiments have been conducted to investigate the feasibility of using magnetic fields to reduce the heat flux onto a thermal protection system during atmospheric entry. For this purpose a modified heat flux probe with embedded permanent magnets has been exposed to a plasma jet and the structure of the bow shock in front of the probe has been observed using an emission spectroscopy setup. The intensity ratio of ionized argon lines for the experiment with and without magnets has been determined and used to analyze the magnetic field`s impact on the flow. Complementary experiments in a low power capacitively driven plasma have been conducted using micron sized particles as probes to map electric fields in a magnetically perturbed plasma. The results from both experiments are presented and analogies are drawn from both approaches. The experiments have shown that the interactions of the magnetic field with the plasma can create strong electric fields which strongly influence the ions even though the field is too weak to magnetize the ions.
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Introduction
The interaction of plasmas with magnetic fields is of interest in many areas of science and engineering. In space the solar wind flux is guided by the interplanetary magnetic field. Planetary magnetic fields such as those found on Earth provide protection from energetic ions. Even smaller-scale magnetic fields, for example those detected at some parts of the lunar surface with a field strength of only a few 100 nT, can shield the surface from the solar wind. The ability of magnetic fields to guide ion flows can also be transferred into aerospace technologies. The shielding of spacecraft from the solar wind on interplanetary travel has been the subject of several numerical and experimental investigations 1, 2) . Another area of interest is the use of magnetic fields as an active component to assist thermal protection systems during the atmospheric entry of spacecraft. Though this application is currently not practical, in the near future better permanent magnet materials and higher temperature superconductors may pave the way for the use of such a technology. An important concept is how the magnetic field can affect the plasma shock in front of a spacecraft during atmospheric entry. Emission spectroscopy measurements of the bow shock region in front of a blunt probe body suggest that a magnetic field with the magnetic dipole axis parallel to the flow can increase the bow shock distance by as much as 13% [3] [4] [5] [6] . Similar effects have been observed using an absorption spectroscopy setup [7] [8] [9] . It has also been shown that the surface conductivity of the probe body influences the magnetic field effects, since surface currents can short out the magnetically induced electric fields. The observed increase in bow shock distance can lead to a decrease of heat flux, with mitigation of up to 85% already having been observed 10) . However, the decrease of the integral heat flux is not the only important quantity. Varying the angle of the dipole axis may also help to direct the heat flux away from regions subjected to high loads, for example the stagnation point, to regions with lower heat flux. Experiments orienting the dipole axis perpendicular to the flow, leading to magnetic field lines parallel to the surface at the stagnation point, have shown such heat flux reductions at the stagnation point 11) . In addition to directly decreasing the heat flux, magnetic fields can also be used as actuators to control the lift and drag coefficients of a spacecraft, which is of interest in aerobraking maneuvers as well as atmospheric entry. Since the direction and strength of the field can be controlled, the resulting forces enable maneuvering of the spacecraft during atmospheric entry without thrusters or mechanical actuators. This allows the trajectory to be altered creating deceleration at higher altitudes and decreasing heat loads. Experimental studies investigating the dependency of the lift forces on the magnetic dipole axis angle have been reported in 12, 13) .
Finally the degree of ionization during reentry from low Earth orbit is generally low and thus significant magnetic effects may only be achievable at hyperbolic reentry velocities. Consequently systems have been proposed to increase electron densities in front of the entry vehicle using non-thermal dielectric barrier discharges 14) . This could allow magnetic effects to be used at lower entry velocities with a subsequent decrease in required magnetic field strength.
In this paper, experiments performed at the Institute of Space Systems (IRS) at the University of Stuttgart, Germany, and the Center for Astrophysics, Space Physics and Engineering Research (CASPER) at Baylor University, Texas, are presented and discussed. In the first experiment, a plasma wind tunnel is employed to investigate the interaction of a plasma jet with a magnetic probe using an emission spectroscopy setup, while in the latter experiment dust particles have been used as probes to map electric forces in a magnetically perturbed plasma close to a nonconductive surface in a GEC RF reference cell. In both cases the magnetic dipole is parallel to the ion flow direction. Complementary conclusions are drawn from these different diagnostic methods.
Experimental Setup
In the following section, the experimental setups at IRS and CASPER are described.
Emission spectroscopy setup
In the experiments, the plasma wind tunnel facility PWK1 at IRS, equipped with the magneto-plasma-dynamic plasma generator RD5 15) , was used. The plasma conditions chosen provide the maximum enthalpy and degree of ionization possible without overheating the magnets. The operating conditions for this experiment are given collected in Table 1 3,4) . Prior to this study, experiments employing a modified heat flux probe with ring magnets were performed but yielded no reduction in heat flux. As a consequence, a new head was built to allow the use of cylindrical magnets, providing a stronger magnetic field 5) . The magnets are placed in a custom built probe head of 50 mm diameter in accordance with the European standard. A drawing of the probe head is shown in Fig. 1 . The hemispherical probe head is made of copper and an interior bore hole holds six cylindrical axially magnetized neodymium bar magnets each of 15 mm diameter and 10 mm length. For comparison, a separate set of experiments with demagnetized magnets was also performed. For experimental diagnostics an emission spectroscopy setup was employed using a spectrograph in Czerny-Turner configuration (ACTON SpectraPro 2750) with focal length f = 750mm, aperture ratio f/d=9.7 and a grating with 300 l/mm. Spectra were recorded on a CCD-Camera with 1024×256 pixels with exposure times on the order of seconds. This setup allows spatially resolved spectra with the shorter length of the CCDchip (256 pixels) resolving the plasma jet perpendicular to the flow direction at a vertical resolution of 0.2 mm/pixel while the longer length of the CCD-chip (1024 pixels) yields the spectrum with a resolution of 0.1 nm/pixel. With four grating positions, a wavelength range of 400 nm to 800 nm has been covered. By moving the setup parallel to the plasma flow, spectra were collected at five axial distances of 2, 5, 8, 11, and 14 mm from the probe head. A schematic of the experimental setup is given in Fig. 2 . Additional detail is given in Knapp et al. 4) . 
Micro-particle tracking setup
The experimental setup at CASPER is based on a modified version of a GEC RF reference cell 16, 17) . This type of plasma generator allows the generation of a low power capacitively driven Argon discharge between two electrodes. The lower electrode is disc shaped having a diameter of 10 cm while the upper electrode is ring-shaped, allowing optical access and the ability to introduce dust particles into the plasma from the top. The inter-electrode spacing is 19 mm. Fast ion flows exist in the presence of the strong electric field produced in the plasma sheath close to charged surfaces. A vertical laser fan mounted at the side of the vacuum chamber provides illumination of the dust particles, which are imaged using a high speed camera mounted perpendicularly to the laser fan. A schematic of the experimental setup is given in Fig. 3 . The plasma parameters of this experiment are described in Table 2 . Additional details concerning the experimental setup and data analysis method can be found in Dropmann et al. 18) .
Magnetic field
The strength of the magnetic field is similar in both experiments, though the geometries are different due to the respective magnet dimensions. Magnetic flux densities calculated at selected points using FEMM 19) are given in Table  3 . The mean free paths for the experiment conducted at CASPER are 0.5 mm for ions and 7 mm for electrons 18) . Operating at five times the pressure, the mean free paths for the IRS experiments are approximately one-fifth of these values. Comparing the mean free paths to the Larmor radii and the system size yields strongly magnetized electrons in both cases, with the Larmor radius much smaller than the mean free path. Therefore, the electron motion may be described using single particle motion. The cross field diffusion of the electrons is largely inhibited. Thus, it is expected that electrons primarily follow the magnetic field lines. In contrast, the ion mean free path is shorter than the Larmor radius, which is on the same order of magnitude as the system size. Consequently ions are affected by the magnetic field to a lesser degree. As such it is expected that primarily the electrons are redistributed by the magnetic field and that ion motion is largely dominated by the electric fields caused by the modified electron distribution. 
Method
The analysis methods for the experiments conducted at IRS and CASPER are described below.
Analysis of spectral data
The spectroscopic data gathered at IRS was analyzed in two steps. First the data was Abel inverted, and in a second step the spectra taken with and without a magnet present are compared.
A common problem in the interpretation of emission spectroscopy data is that the detected light represents the integrated emission from the plasma along the complete line of sight and thus yields the Abel transform of the actual radial intensity profile. The intensity measured based on the displacement of the sensor, assuming the plasma jet is axis-symmetric, is
In order to obtain the radial intensity profile an Abel inversion was performed using the matrix-method. This method is easy to implement and insures no information is lost. The matrix method discretizes the integral allowing Eq. (1) to be written as a linear equation
The increment �� is the same as the increment for y, the position at which data points have been collected. Thus the number of y-increments determines the size of the matrix for the resulting systems of linear equations
while the inversion of A yields the radial intensity profile
The major drawback of this method is that the data, unlike the integral described by Eq. (1), has a finite upper boundary, which can result in errors. Further, this method amplifies data noise, although this can be largely mitigated by smoothing the data.
After Abel inverting the dataset for each case with and without a magnet, strong emission lines for Ar-I (neutral argon) and Ar-II (singly ionized argon) were selected, as shown in Table 4 . The lines for each species were then added resulting in four datasets: Ar-I with magnet, Ar-I without magnet, Ar-II with magnet and Ar-II without magnet. The intensity ratios of data with and without magnets were then determined for both Ar-I and Ar-II. Even though no quantitative estimate of ion or neutral densities was made, this method allows one to determine how the magnetic field affects the distribution of the neutrals and ions. 
Particle tracking technique
Melamine formaldehyde (MF) particles were dropped from the top of the chamber into the plasma. Due to electron collection, the particles charge negatively in the plasma and consequently their trajectories are influenced by electric fields in the plasma. The particles' trajectories in the plane of the laser fan were recorded and analyzed. After enhancing the contrast of the videos, the particles were tracked using a Matlab tool and the particles from different frames linked to the respective trajectories using the Hungarian algorithm 20) . The second derivative of these trajectories yields the acceleration of the particles. Multiple particle drops were used to create an acceleration map in the field of view of the camera. A more detailed description of this method can be found in Dropmann et al. 18) . The measured acceleration is due to multiple forces, the major contributors of which are the electric field force and the neutral drag force. As the neutral drag can be easily calculated and thus removed from the data, the resulting electric field force can be determined, yielding insight into the electric field geometry which has a direct influence on the ion movement. The impact of the magnetic field on the plasma in the vicinity of the magnet may then be found from the difference in the analyzed data for experiments with and without a magnetic fields.
Results

Emission spectroscopy
The intensity ratio of the emission of Ar-I with and without a magnet is shown in Fig. 4 . Over the complete field of view the magnetic field reduces the emission intensity of Ar-I to 75% to 95% of its value without a magnetic field. The strongest intensity reduction can be found near the surface of the probe. With increasing distance from the probe in the z-direction the intensity reduction is less. In the radial direction, the intensity reduction lessens for small values in z-direction, but for z greater than 8 mm, the intensity reduction grows stronger with increasing radius.
In Fig. 5 the intensity ratio of Ar-II with and without a magnet is shown. The magnetic field increases the Ar-II emission intensity by more than 55% on the centerline in front of the probe. This region of strongest intensity increase is narrow close to the probe surface, increasing in width in the zdirection until reaching a maximum at approximately z = 7 mm before decreasing again. At low z-positions the intensity ratio initially decreases in the radial direction until it reaches a minimum of 110% at r = 10 mm, then increases slightly again and then decreases to around 65%. At larger z-positions the intensity ratio drops to approximately 50% at r = 25 mm where the magnetic field lines become almost horizontal at level of the probe tip and then slightly increases again. 
Particle acceleration maps
The influence of the magnetic field on the acceleration of the dust particles due to electric fields was calculated by taking the difference of the accelerations with and without a magnet present. As the dust particles are negatively charged, they are accelerated opposite to the direction of the electric field as illustrated in Fig. 6 . Note that the positive ions accelerate in the direction of the electric field, with net upward acceleration, though the actual ion flow is downward. It is difficult to determine the actual electric field strength as the dust particle charge is not known with great accuracy. Estimating the dust particle charge at several 10,000 elementary charges, yields electric field strengths on the order of 10,000 V/m.
The magnetic field causes significant electric fields in the plasma. Close to the surface of the glass plate, where the magnetic field is strongest, ions are accelerated towards the cusp region of the magnetic field. The horizontal force component gets weaker with increasing radial displacement. Where the magnetic field lines are parallel to the surface, the horizontal force disappears and changes direction at greater radial distances. In those regions where the magnetic field lines intersect with the surface, the magnetic field enhances the ion flow towards the surface. In contrast, at positions where the magnetic field lines are parallel to the surface and at higher vertical positions the magnetic field leads to an electric field accelerating the ions away from the surface. 
Discussion
Both experiments show that a magnetic field has a significant and measurable impact on the plasma. The emission spectroscopy data shows that the impact on ionized argon (Fig. 5) is much stronger than on neutral argon (Fig. 4) as expected. The emission ratio of neutral argon shows no distinct features and has an average value of 0.8. However, the emission process is a rather complex phenomenon which depends not only on the neutral density but also on the electron densities and energies. Thus a conclusion of a reduced neutral density cannot be drawn easily. For ionized argon, a very distinct intensity ratio pattern can be observed having a strong intensity increase of more than 50% in the cusp region and a decrease of up to 50% where the magnetic field lines become perpendicular to the plasma flow. Again, it is difficult to draw direct conclusions about the ion density.
The particle acceleration data from the second experiment, however, provides information about the electric fields, showing they are strong enough to transport ions and thus influence the ion distribution. It also clearly shows that ions are accelerated towards the cusp region of the magnet indicating it is reasonable to assume an increased ion density in this location. This increase of ion density must be caused by electric fields in the plasma, as magnetization of the ions is not strong enough to cause this effect. The acceleration map data also indicates that ions are repelled from the region where the magnetic field lines are parallel to the surface, which corresponds to the region of decreased Ar-II emission.
The significant increase of ion density in the cusp region will most likely lead to an increased heat flux in this region, while decreased densities in regions of field lines parallel to the surface might lead to a reduction in heat flux. Although an overall reduction in heat flux might be achievable employing a dipole parallel to the plasma flow this configuration might also lead to a local increase of heat flux at the stagnation point, which should be avoided. The data also indicates that the ion density in the stagnation point could be decreased by orienting the magnet perpendicular to the flow direction which qualitatively supports the findings in 11) .
Conclusions
Two different sets of experiments were conducted in order to analyze the interaction of an argon plasma with a dipole magnetic field. Emission spectroscopic results showed that the neutral argon background is only slightly influenced by the magnetic field, while the ionized argon emission is increased in the cusp region and thus at the stagnation point of the magnetic probe. The electric field structure in the plasma perturbed by a magnetic field obtained by dust particle tracking yields supporting results showing that ions are transported into the cusp region. Regions with magnetic fields parallel to the surface show electric fields which inhibit the ion flux towards the surface. Thus it is expected that the cusp region is subjected to a higher heat load in a plasma flow. It is concluded that in order to reduce heat flux in the stagnation point, the magnetic dipole axis should be perpendicular to the plasma flow.
